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ANALYTICALINVESTIGATIONOFRAM-JET-ENGINEF31RFORMANCEIN

FLIGHTMACHNUMBERRANGEFROM3 TO 7

By PhilipJ.Evans,Jr.

k analyticalinvestigationwasmadeof theperformanceof isolated
ran-jeten@nesintheflightMachnumberrangefrom3 to 7. Calcula-
tionsweremadefortwotypesof tif~ser: a hfgh-efficiencydiffuser
ofunspecifiedforinhavinga Hnetic-energyefficiencyof 0.92,anda

.

simplenormal-shockdiffuser.A combustionefficiencyof 100percent
anda fuelhavinga hydrogen-carbonratioof0.168wereassumed.

Impmtantconclusionswere: (1)a designaltitudeof 100,000feet. appearsdesirablefora high-efficiency,highMachnumberram-jet
eugine,and(2).gasolineprovidessufficientenergyreleaseformaximum

b engineefficiencyinthef13.ghtMachnumberrangeinvestigated.

Thecalculatedmaximumpropulsive-thrustcoefficientforan
externallymountedramjet.hatinga high-efficiencydiffuserdecreased
continuouslyfromapproximately2.13at a flightMachnu&er of 3 to
0.57at a flightMachnumberof 7. Themaximumengineefficiency
reacheda peakof 0.47neara flightMachnumberof 5 andthen
decreasedto0.43at a Machnumberof 7.

—

INTRODUCTION

Becauseoflackof ifiormationm-ram-jetdesign@iiperformance
athighMachnumbers,primaryconsiderationhasbeengiventherocket
forvehiclepropulsionabovea flightMachnuniberof4 withinthe
earthc-satmosphere.

Inordertodeterminewhetherconsiderationshouldalsobe-given
theramjetinthehighMachnumberrange,ananalysiswasmadeat /“”
theNACALewislaboratoryof ram-jetperfomnanceat zero“angleof”
attackforflightMachnumbersbetween3 and7. Thecomputedperform- ,~fi

antewasbasedon“ahyih?ocarbonfuelhavinga hydrogen-c&rh-o’nratio $ i,~
D of0.168:’However,becauseof thenarrowrangeofhydrog~-carbon ~

ratioandthesimilarityof combustionproducts,thesameresults ~$ -.-

shouldbe obtainedwithmostof theavailablehydrocarbons.
Y

In fact, , “* it seemsreasonableto expectthat”manynonhydrocarbohsbtii~ at 1.>./”,.
thesanevalueof energyadditionwillyieldapproximatelythe same

i

thrustandengineefficiency.Consequently,resultsarepresentedin
termsofan ener~-addition theywillbe more
generallyapplicable.
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Intheanalysis,twotypesof diffuserwereconsidered:(1]a
diffuserofunspecifiedformhavinga kinetic-energyefficiencyof 0.92, .
and(2)a simplenormal-shockdiffuser,whichprovideda basisfor
comparison.Theresultspresentedareforthedesignconditiononly
andrepresenta differentgeometryforeachvalueof energyaddition
andflightMachnumber.Off-designperformancewasnotconsideredin
theanalysis.

SYMBOLS co
R

Thefollowingsymbolsareusedinthisreprt: N

A

CD,e

%,f

+

cF,n
Cf

c

D

De

Df

Er

F

Fn

f/a

h

,#&y!!*.@#f&q->.,

cross-sectionalarea

totalengine-dragcoefficient,De/~~

enginefriction-dragcoefficient,Df/~~

propulsive-thrustcoefficient,F/~~

net-tmst coefficient,Fn/~~ . *

skin-frictioncoefficient,(frictionforce/sqft)/~ =.

speedof sound,(ft/see}

tiagof airplaneminusdragof engine___ —

totalenginedrag —.

enginefrictiondrag

energy-additionparameterdefinedasratiobetweenfuel
energyactuallyaddedandenergyaddedby gasolineat its
stoichiometriccondition

propulsivethrust,Fn - De

net,or internal,thrust

fuel-airratio

gravitationalconstant,32.17(ft/sec2)

total,or reservoir,enthalpy

staticenthalpy .
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m

M
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P

Pr

Q

R

t

v

‘o
‘1
‘f
x

T

● V’k

mechanicalequivalentofheat,778(ft-lb/Btu)

liftof airplane ‘

massflow

Machnumber

reservoir,or total}pressure \’

relativ’etatalpressureasusedinairtablesofreference6
(actualtotalpressuedividedby totalpressureat reference
temperatureusedintable)

staticpressure

relativestaticpressureasusedinairtablesof reference6

heatingvalueof fuel,(Btu/lbfuel)

dynsmicpressure,p@/2

gasconstantin characteristicequationof state

reservoiror total,temperature

statictemperature

velocity

grossweightatbeginningof f~ght

grossweightafterfuelhasbeenburned

actualfuelflow,(lb/see)

range,(ft)

ratioof specificheats

combustionefficiency
FVengineefficiency,*

kinetic-energyefficiencyofdiffuser[equation(1})

efficiencyparameterforcompleteengine(definedby equation(3))
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P density .-
.

‘c totaltemperatureaftercombustionMvidedby totaltemperature
beforecombustion J——

Subscripts: q—

av

comp

g

eff

St

o

2

3

6

7

average 1,’

completelyexpanded

gasoline

effective

Stoichicmletric

free-streamconditions,,or inletfree-stresmtube

combustorinlet

downstreamofflameholder

nozzlethroat

nozzleexit

ASSUMPTIONSANDCALCULATIONS

GeneralAssumptionsandRocedure .

i?J

.-

——

—.

.,

“Thefollowinggeneralassumptionsweremade:

1. ‘Theinternalflowisone-dimensional.Inapplyingtheone-
dimensional-flowe@ations,thevariationsin y,theratioof specific
heatsof theworkingfluid,duetotemperatureandfuel-airratio
variationswereconsidered.Fortheflowinsidetheconibustor,an
averagey beforeandaftercombustionwasused. Theflowfromthe
nozzlethroattothenozzleexitwascalculatedas describedin
appendixA.

2. Theengineisoperatingatanaltitudeor 100,OOOfeet.~is
assumptiondeterminesthefree-stresmstatic.temperatureandpressure
(tableIII05 reference1)andhencethetotaltemperatureandtotal-
temperatureratio% correspondingtoa givenflightMachnumber~
andenergyaddition.Italsode&rminestheReynoldsnumberperunit
lengthusedto determine.theexternalfriction-dragcoefficient.

b“
.-:
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3. Theenergylostby radiationandconductionisnegligible..

4. Thefree-stresmareaof
totheinletareaoftheengine.

5. Structuralintegrityis
andpressures.

theairenteringtheengineisequal

maintainableat thehightemperatures

Diffusers

Definitionandsignificanceof Mnetic-energyefficiency.- The
~netic-ener~efficiency~k of a diffuseris definedas thekinetic
energytheairwouldhaveafterbeingexpandedisentropicallyfromthe
diffuserexitto thesaibientstaticpressuredividedbythefree-stream
kineticenergy.Whenthisprocessisaccomplishedat constanty, the
formulaforthekinetic-ener~

.

.

● Consequentlythe

~k=1

assumptionof

efficiencyis

a

total-pressureratio P2/Po for
fiwe 1. In thisfigurethetotal-pressureratiorequiredfora

(1)
y-l-z-%2 .
valuefor ~k determinesthediffuser
each ~. Equation(1)isplottedin

g~&n~~ueof nk &creases rapidly with increasingflightMach
number~. In therangeof ~ considered,verylittleerroris
introducedforhighvalues of Tk by consideringT constantand
equalto 1.4since,in general,equation(1)yieldsaccurateresults
wheneverthe finaly afterreexpansionislittledifferentfromthe
ambientstaticT.

Thekinetic-enermefficiencyof a diffuseris significantfor—.
ram-jetenginesbecauseof itssi&laritytoa basicram-jetperform-
anceparameter.
havingconstant

Thenetinteml-thrustcoefficientof an engine
y anda completelyexpandedexitis givenby

.

r where

.
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(SeeappendixB forderivationof equations(2)
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and(3).) Thequantity
=Vlk representsthekinetic-energyefficiencyof thecom@eteengine.
Becauseathighvaluesof ~ al.mustallthetatal-pressurelosses
occurinthediffuser,thediffuserkinetic-energyefficiencyand
~’k arenearlyequal.

Theshapeofthecurvesof figure1 (thatis,thewell-defined
shoulderathighvaluesof ~) suggeststhattherewillbe little
advantageinoperatingat total-pressureratiosveryfartotheright
of thisshoulder.

High-efficiencydiffuser.- Onthebasisof availablehighMach
numberdata,thehigh-efficiencydiffuserwasassumedtohavea
kinetic-energyefficiency~k of0.92atallflightMachnumbers.
An advantageofassumingVk isthatlmowledgeoftheexactformof
thehigh-efficiencydiffuseris~ecessary. Theassumptionthatthe
maximum~k is invariantwith ~ wassuggestedby thesmall
variationofmaximum~k intherangeof ~ between2 and4 and
alsoby thefactthatthereisno excessivevariationof the VW of
theflowthrougha normal-shockwaveinthe ~ rangefrom4 to 7.
Valuesof ~k fOrseveralexistingandproposeddiffuserdesigns
(references2 and3) areshowninfigure1. Thevalueof P2/Po
whichfollowsfromtheassumptionof ?l

*
decreasesquiterapidlyas

~ increases(fig.2)andsho@dbe atalnablewitha refine”d
diffuserdesign.

Normal-shockdiffuser.- In calculatingthetotal-pressureratio
acrosstheshockwaveof thenormal-shockdiffuser,imperfect-gas
effectswereincludedby meansof correctionfactorstakenfromrefer-
ence4. Thetotal-pressureratioof thesubsonicdiffuserwasarbi-
trarilyassumedtobe 0.98. Theresultantover-alltotal-pressure
ratioof thenormal-shock&Lffuseris considerablylowerthanthat
of thehigh-efficiencydiffuser;however,itsvariationwith K Is
quitesimilar(fig.2].

Assumptionspertainingto
follows:

Combustion

u

thecombustionprocessweremadeas

Thefuelisanyhydrocarbon(suchas gasoline)havinga
hydm~&-carbonratioof 0.168.However,becauseof thesimilarityof
combustionproductsofhydrocarbons,theresultingtotal-temperature
ratio.T acrossthecombustorat equalvaluesof energyaddition
(basedon datafromreference5) shouldbe verynearlye@al forall

.

.—

.—

i?i
N

-—.—

.—.

*
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hydrocarbons~andevenforsomenonhydrocarbonsbeingconsideredfor
. ram-jetfuels,a givenenergyadditionshouldproduceat leastapproxi-.

matelythesamevalueof T. Consequently,theresultingthrust
coefficientsandengineefficiencieswilla~ly tomosthydrocarbon
fuelsandtoa fewnonhydrocarbonsaswell. Thus,insteadof presenting
performanceinternsof fuel-airratio,as isfrequentlydone,it is
presentedintermsof an energy-additionparameterEr definedas

(f/a)eff Q
Er=

(f/a}g,stQg

Ifthefuelis gasoline,Er ismerelytheeffectivefi”el-airratio
relativeto stoichiometric,thatis,theequivalenceratio.Forother
fuels,however,thisenergy-additionparameterEr is theratio
betweentheenergyactuallyaddedandtheenergythatwouldbe added
by gasolineat itsstoichiometriccondition.

2. Inthedeterminationof T itisnecessarythatthevalueof
combustor-inletpressureP2 be consistentwiththeassumedaltitude.
anddiffuser-pressureratio,becausetheamountofmoleculardissocia-
tionincreasesas thepressuredecreases,causingtheresultant% to

a decrease.Thedifferenceinthepressuregivenby thetwotypesof”
Uffuserathighvaluesof ~ (noticeablefromfig.2)resultsin
twosetsof curvesof 7 against& forconstantvalueof energy-
additionparameter(fig.3). Thelargedecreaseof T withincreasing
~ ismainlyaresultof theincreaseof totaltemperaturewith ~.

3. Combustionis completed

4. Thetotal-pressuredrop
twicethedynamicpressureahead

‘2 - ‘3

intheconstant-areacombustor.

acrosstheflameholderis equalto
of theflameholder,that”is

= 2q2 = p2v22
. .

Thisvalueisprobablysomewhathighat largevaluesof ~ because
thehightemperaturesencounteredshouldpermittheuseof a low-loss
flameholder,buttheresultingdifferenceinthrustis smallatthe
valueof combustor-inletMachnumberassumedherein.

5. Thedesia valueof thecombustor-inlet”Machnumber~ was
. takenas 0.15.”Fortherangeof ~ investigated,thisvalueof ~

issolowthatthereisno chokingina straightpipeat thelower
valuesof .%, andhenceno limltitionon9
Ebmecalculationswerealsomadefor ~ =
of thisvariableon theenginegeometry.

T imposedfromthissource.
0.05to checktheeffect
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providebackgroundon combustionrequirements,it
to includetherangeof combuslxm-inletconditions

.

encountered(fig.4). .,..-
—

Thecombustor-inl.etpressureP2 (fig.4(a))correswndsta —
M2= o.15j at such low valuesof M2,however,p2 changesve~ little
with M2. At highflightMachnumbersandaltitudesmuchbelow —
103,000feet,thehigh-efficiencyengineWY haveseriousstructural-.
difficultiesbecauseof thecombinationof hightemperatureandpressure ~
encounterd. Becausethe p2 of thenormal-shockengineismuch NN
lower,thestruct-1 diffic~ltiesareconsiderablylessenedjbut

——
athighaltitudesj.p2 maybe lowenoughto cause,combustion
difficulties.

Thetotaltemperatureof theinletair T2 thatwasusedherein
wasdeterminedfromtheairtablesofYeference6 (seeappendixA).
Inorder,to showthatsomerefinementisnecessary,theexactvalue
fromtheairtablesis comparedwiththe~lue obtainedby assuming
constanty equalto1.4(fig.4(b)).At ~ = 7,theerroris470°R.
Thesevaluesof-totaltemperatureapplytotheisothermalregion@’
theatmosphere.betweenaltitudesof35,000and105,000feet.Above

.

analtitqd.eof105,000fe,et,performanceisreducedbecausethe
increasedambientairtemperatureresultsina reducedtotal-
temperatui?eratioacrossthecombustor.

b.
Sincealtitudesbelow

100,000feetmaybe undesirablebecauseofthe highpressure,a -.
reasonablecompromiseseemstobe analtitudeof 100,000feetfor
designofhigh-efficiency,highMachnumberr@n-jetengines.This .
altitudewasthereforechosenfortheanalysis.

Although,thevaluesof V2 (fig.4(c))mayseemhighfor
M2= 0.15,theyarenotunreasonableandfallwithintherangecw-
rentlyusedinafterburners.

.=.
,-

ExternalDrag

Theexternaldragwascomputedfora_q~facethatisuniformly
taperedfromtheinletto theexit.Thelinearizedsupersonic-flow
dataof reference7 wereusedto estimate.ihewavedrag.The wavedrag - _
above~ . 4 wasobtainedby extrapolationfromreference7 accord- .
ingto thelinearizedsu~rsonic-flow.similarityrule.

Forsomeenginesthecontourmaybe curved,or it-mayconsistof
brokenstraight.linesjtheerroris small,however,becausethewave
dragisonlya smallpaitof thetotaldragand“thetotaldragi-sstill
comparedwiththepropulsivethrust. .6:_.

Frictiondrag.- A turbulentflat-plateboundhrylayerwasassumed
overtheentire-outersurface.Becausethereis a possibilitythata .—

d
portionof theboundarylayermaybe laminar,thedragusedhereinis

.?.

nearthemaximumNssible.An effectiveengine.lengthof 20feetand
an altitudeof100,000feetwereusedtodeterminetheskin-friction
coefficient.
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Theskin-frictioncoefficient(fig.5)wasdeterminedby using.
reference8 andanunpublishedreprt ofMorrisW. Rubesinof the
Ameslaboratory.Thecoefficientusedisfrom10 to 20percenthigher
thantheexLendedFranklandVoishelvalueof reference9,whichis
shownthereintoagreecloselywiththeavailableexperimentaldata.
However,becausetheexperimenttitiwereallnear ~ = 2 ad 2.5)
theaccuracyof theskinfrictionusedathighervaluesof ~ is
yettobe determined.Inanyevent,theenginedragis smallcompared
withthepropulsivethrustanderrorsdueto lackof lmowledgeof
dragat thehi@ Machnymbersarenotexpectedb changeappreciably
theresultsobtained.

Tbtaldrag.- Thetotaldrag,consistingof thefrictiondrag
plusthewavedrag,wascalculatedovera rangeof over-allarearatio
&/A~ (fig.6). Thevaluesused.werefora finenessratio(length
dividedbymeandiameter)of 8. Thisvaluewasselectedbecauseit
isa reasonablevaluefor~
rangeofthisanalysis,the
hag.

.

ram~et. It is clearthatinthe ~A7
principalportionof thedragis friction

Nozzle

Themainassumptionpertainingtothenozzleconcernsthemethod
< of accountingfortheimperfect-gaseffectsas discussedinappendixA.

Theassumednozzletotal-pressure”ratio P7/P6betweenthethroat
andtheexitwas0.96forallamountsof expansion.

Nozzleexpansioncorrespendingtomaximumthrust.- Themaximum
internalthrustoccursforthecompletely~ded exit(P7= PO)if
thenozzlelossesdonotvarywiththeamountof expansion;as&s
assumedherein.However,forthehigh-efficiencyenginetheresultant
propulsivethrustismaximumwhenthenozzleis slightlyunderex@anded,
thatis,when p7 is somewhatgreaterthan PO,becausewhen P7 is
near PO thee?rbernaldragincreasesmre rapidlythantheinternal
(net)thrustas theamountof expansionis increased.Inorderto
findthemaximumpropulsivethrustandthecorrespondingamountof
expansion,itisnecessaryto investigatenetthrustanddragover
a rangeof p7/PO.Thecalculationsshowthatthereislittle
differencebetweenthemaximumpropulsivethrustandthepropulsive ““-.
thrustof thecompletelyexpandednozzleandt?mtthereisa fairly ,
largerangeof P7/PO overwhichthepropulsivethrustisalmost
constsmt..Ty_picalvariationsof c~ and ~,n with p7/~ are

. presentedinfigure7. Thesecurvesarefortheenergy-addition
parameterEr eqpalto0.4andhencedonotnecessarilycorrespnd
totheconditionofmaximumengineefficiency.Similarcurves

● (notshown)wereplottedforothervalues of ~ forthehigh-
efficiencyengineinordertoobtainthevalueandldcationof the
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msximums . Thevaluesof p7/PO correspondingtothemaximumthrusts
obtainableat thevalueof Er correspondingtamaximumengine
efficiencyareshowninfigure8 forthehigh-efficiencyengine.The
amountof expansionisalsopresentedintermsof theexitarea A7
correspcmlimgtomaximumthrustdividedby theexitareacorres~nding
to completeexpansionA7,comp””On thisbasistheexpansioncorrespmd-
tigtomaximumthrustbecomesconsiderablylessthancompleteat the
highervaluesof ~. Thisoptimumamountof expansionmustvary
appreciablywiththeassumedexternaldragbecauseiftherewereno
externaldrag,completeexpansion’wouldbe optimum.

RESULTSANDDISCUSSION

Propulsive-ThrustCoefficientandEngineEfficiency

Theperformanceofthehigh-efficiencyengineforvariousvalues
oftheflightMachnumber~ is showninfigure9 intermsof the
ratioof engineefficiencyto combustionefficiencyqe/~casa
functionof propulsive-thrustcoefficient~. Themaximumvalues
ofpropulsive-thrustcoefficientand ‘qe/~careplotted infigures10
and1.1,respectively+Themaximumpropulsive-thrustcoefficient
(at Er= 1.0,whichis stoichiometricforgasoline)decreases
continuouslyfrom2.13at ~ = 3 to0.57at ~ = 7 (fig.9 or 10),
Therapiddecreaseof theproulsive-thrustM-efficientwithincreasing
~ ismainlya resultof thedecreaseoftotal-temperatureratio ‘c.
Morethrustcouldbe obtainedby theuseofa fuelhatinga higher
energyreleasethangasoline(thatis,EV> 1.0),butsuchan increase

—.
.

.——

—

.

*

inthrustwould

Theengine
0.47near ~ =
at %=7. As

be.accompaniedby a decr~ase’inengineefficiency.
,.

efficiencyreachesitsmaximumvalueof approximately
5 ‘andthendecreasesgraduallytoapproximately0.43
canbe seenfromtheBreguetrangeformula

x= QJveL log Wo

D e~

therangeisproportionalto qe andhencethehighvalueof qe
thatmaybe attainableat thelargevaluesof ~ willbe an im@rtant
factorintheconsiderationof long-range,high-speedram-jet-propelled
vehicles.

As theener~-additionparauieterE$ increases(fig.9),~
increasesand qe~vc increasestoa maximumandthendecreases.
Thevalueof Er corres~ndingto themaximum~e/vcincreases

—

.

u
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with ~ fromapproximately0.35at ~ = 3 to0.8at ~ = 7. !I!Ms
trendindicatesthatslightlyabove~ = 7 gasolinemayno longer
havesufficientenergyreleaseformaximum~ssibleengineefficiency.
Inthiseventa fuelpermittinggreaterenergyadditionthangasoline
shouldbe used. However,sinceat ~c near100percentgasoline
doeshavesufficientlyhighenergyreleaseintheMachnumberrange
of interest,theuseof fuelspermittinga higherenergyrelease
maynotbe necessaryfortheattainmentofmaximumefficiency.Other
fuelcharacteristicsareim~rt-tj therangeisproportionaltothe
heatingvalue perpaundof thefuelaswellas tatheengineefficiency,
andthedensityof thefuelisof great.im@rtanceinanyflight
vehicledesign.8uchconsiderations,however,areoutsidethescope
of thisinvestigation.

A comparisonof thepropulsive-thrustcoefficientsandtheengine
efficienciesofboththehigh-efficiencyandthenormal-shockenginesis
madeinfigures10and11,respectively.Themsximumpropulsive-thrust
coefficientof thenormal-shockengineisnear1.57at ~ = 3, about
three-fourthsthat.ofthehigh-efficiencyengine,andapproximately
zeroat ~ = 7 (fig.10).

Themaximumengineefficiencyof thenormal-shockengine
(aboutO.27}isonly57percentof thatof thehigh-efficiencyengine
andoccursata lowerflightMachnumber(~ = 4) (fig.11].

AreaandVolumeRelations

Itfollowsfromtheone-dimensionalcompressible-flowequations
thatforanygivencombustor-inletMachnumberM2 thereexistsa
valueof ~ abovewhichtheinletflowarea ~ is greaterthanthe
combustorflowarea A2. Thevaluesof ~ abovewhichtheinlet
areaof thehigh-efficiencydiffuserbecom&greaterthancombustor
areaare5.7for M2= 0.05,3.6for M2= 0.15,andabout2.9for
~ = 0.25.Forthenormal-shockdiffuser,unlessthedesignM2 is
extremelyhigh(approximately0.42atallvaluesof ~}, thecombustor

.

areais greaterthantheinletarea. Thesignificanceof this
conditionof equalareasisthatit iscloseto“theconditionwhere
thecombustorstartsinterferingwiththeexternalcontour;it is
notespeciallycritical,tiwever,becausethecombustorareamustbe
somewhatgreaterthantheinletareabeforeinterferencestarts
owingtothetaperof theexternalcontour,andalsobecausethere
canbe a sma~ mount ofinterferencebeforethedragis increased
appreciably.A qualitativepictureof thissituationisgivenin‘
figure12,whichpresentssketchesof engineswithareasin correct
proportionforvariousvaluesof ~ and M2. It can be seen t~t

enginesdesignedformaximumengineefficiencyhaveapproximatelythe
same @A7 forallvaluesof ~ considered.Of interestis the
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a $iV@namountof expansion,variationsin M2 have
onthevalueof ~/A7. Onlyonesketchofthenormal-

shockengine’(fig.12(a})issho& because thereareno significant
variationsof appearancewith ~. The”followingdiscussionwill
thereforepertaintothehigh-efficiencyengineonly(figs.12(b),
12(c),and12(d)).ThespikediffusershownInthesketchesispurely
schematicandisnotintendedto implythediffuserdesign.

At%= 3,lowvaluesof ~ of theorderof 0.05willresult ~
inundesirableexternaldragincreases,@ereasforM2 ~ 0.15the
combustorinterferesonlyslightlywiththeasswnedexternalcontour.

—

At ~= 5 and.M2.=0.05,thecombustorstillinterferesSlightlyj

whereasat M2x 0.15 thereisno interferenceatall. At ~=7,
M2 canbe madeevensmallerthamO.05beforetheexternalcontour
willbe affected.Figure12alsoillustrateshowmuchtheusable
volumeincreaseswith ~ and ~. Thisincreasedvolume&Lybe
a reasonforselectinga valueof M2 ashighas goodcombustion‘
permits.

.

,. CONCLUDINGREMARKS

An analytical,investigationwasmadeof theperformanceof an
externallymountedram-jetengineintheflightMachnumberrangefrom
3 to 7 withdiffusersof twotypes,oneofundeterminedformwitha ““
kinetic-energyefficiencyof0.92,andtheother,a simplenormal-
shockdiffuser.A combustionefficiencyof 100percentanda fuel
havinga hydrogen-qarbonratioof 0.168wereassumed.Theresults
obtainedwere:

1. A designaltitudeofabout100,000feetappearsdesirable
fora high-efficiencyhighMachnumberram-jetengineinorderto
avoidtheexcessivepressuresencounteredat loweraltitudesandthe
increased”anibienttemperaturesencounteredathigheraltitudes.,

2. Gasolineprovidessufficientenergyreleaseformaximumengine
efficiencyintheflightMachnumbei.rangeinvestigated.At MEICh
numbersabove7 andforvehicledesignsrequiringmaxim~thrust
evenat theexpenseof efficiency,however,fuelspermittinghigher “-
energyreleaseareindicated. . .

3. Forthehigh-efficiencyenginethemaximumpropulsive-thrust
coefficientdecreasedcontinuouslyfrom2.13-”ata flightMachnumber
of 3 to0.57ata flightMachnumberof.7;whereas,forthenormal-
shockengine,thissamecoefficientdecreasedfrom1.57to zeroin
thessmeMachnumberrange.Themimum engipeefficiencyof the

.—
.-

.

T

.

n“
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—

.
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high-efficiencyengineincreasedtoa maximumof 0.47neara flight
Machn+er of5 andthendecreasedgraduallytoabout0.43at a
Machnumberof 7;whereas,themaximumforthenormal-shockengine
wasonly0.27andoccurredneara Machnumberof 4.

LewisFlightPropulsionLaboratory
NationalAdvisoryCommitteeforAeronautics

Cleveland,Ohio

t
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AEPENDIXA .

PROBLEMSASSOCIATEDWITHVARIATIONSIN y

SinceathighflightMachnumbers~ largevariationsof
temperature,and.hencelargevariationsintheratioof specific
heatsy, areunavoidable,theusualformulasandtablesforconstant“y
areno longerstrictlyapplicable.Inordertoobtainthetotaltem-
peraturewhen@yen ~ andtheambientst,atictemperatureto)use
ismadeof theairtable(reference6)andtheenergyequation g

Theambientstaticenthalpy~ andtheambientspeedof sound co
dependon to only,andhencethetotalenthalpy~ isreadily
calculated;thenthecorrespondingvalueOt totalternp~twean be
obtainedfromtheairtable.Thecorrespondingratioof staticto —
totalpressurecanbe easilyfoumdbecauseitequalstherelative-

—

. pressureratiopr,o/Pr,o,where pr and Pr aretabulatedwith .
thestaticandto&l temperatures,respectively,intheairtable.

.
Althoughitwouldhavebeendesirable,sucha procedurewasnot

.

passibleforexhaust-nozzlecalculationsbe~auseof thelackof corres-
pondingtablesfor combustionyroductsatthehightemperatures

—

encountered.Therefore,inorderb calculateexitconditions,a
constantvalue of T wasusedequalto

Ta,7+ T7
Tav= 2

where Ta,7 correspondsto thetotaltemperatureaftercombustion
and Y7 wasdeterminedfromthestaticexittemperatm?e‘7“ Since’

—

‘7 dependson yav,an iterationprocedurehadtobe used. It
convergedveryrapidly,however.Thismethodpermitsthecalculation
of thetemperatureratio t7/T7andhenceM7 when p7/P7 isknown.
T%earearatio~/A7 canthenbe calculatedfromtheusualone-
dimensionalener~andmass-flowconsiderations.

It isveryimportanttouse”theproperform
namely,

~
r

2~,n=(l+f/a)~=-l

of thethrustequation)._.
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.

Equation(Al)followsdirectlyfromequation(B2)(seeawendix
because

Equation(A2)followsmosteasilyfrom

mV= @v2 =

Equations(Al)and(A2)areequivalent
answerifthecorrectvalueof ~/A7

equation(Ill)because

@42~

andwouldbothyieldthe

(A2)

B)

same
wereused. However,equation

(IQ)isverysensitivetoerrorsin ~/A7. Equation(A2)canbe
. usedtoadvantagein calculating~/A7 once ~,n hasbeenfound

fromequation(Al)becausethenthesituationisreversedand ~/A7
willbe insensitiveto ~,n. An iterationprocedureforcalculating

●

~/A7 is s~gestedj namely, useof a veryapproximatevaluefor
@A7 inequation(Al)andthenuseof theresultingvalueof CF,n
in equation(A2)toobtaina moreaccuratevalueof @A7. Sucha
procedureworksverywellfornozzlesintherangeof expansion
encountered.
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APPENDIXB ‘

DERIVATIONOFTHRUSTEQUATIONS

Fromtheequationforthenet(internal)t~st

NACARME51H02

. . .

I?n= m7v7- ~vo+ [3?7- ~)+ (Bl)

thenet-thrustcoefficientisfoundtobe g

(B’)

Equation(2)canbe derivedfromequation(B2)inthefold.owingmanner:

Fromtheenergyequation,thevelocityratiocanbe expressedas

V72 H7 - h7

‘=%-% “V02
●

whichbecomesjforcymstanty,

V72~T7 - t7 ~g-l-~.+l)

V02 To - to To
—- 1
‘o

(B3)

By useof thedefinitionof ~, theenergyrelationbetweentem-
peratureandMachnumber,theisentroplcrelationbetweentemperature
andpressure,andthedefinitionof ~’
equation(B3)canbe reduced to .

~ givenby’equation(3),

when p7= po.
equations(B2)

Iz=Tvtk
V02

(B4)

m7
Hence,since—

%
= 1 + f/a,equation(2)followsfrom

and(B4). .
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